In natural or agricultural environments, plants are constantly exposed to a wide range of biotic and abiotic stresses. Given the forecasted global climate changes, plants will cope with heat waves, drought periods and pathogens at the same time or consecutively. Heat and drought cause opposing physiological responses, while pathogens may or may not profit from climate changes depending on their lifestyle. Several studies have been conducted to find stress-specific signatures or stress-independent commonalities. Previously this has been done by comparing different single stress treatments. This approach has been proven difficult since most studies, comparing single and combined stress conditions, have come to the conclusion that each stress treatment results in specific transcriptional changes. Although transcriptional changes at the level of individual genes are highly variable and stress-specific, central metabolic and signaling responses seem to be common, often leading to an overall reduced plant growth. Understanding how specific transcriptional changes are linked to stress adaptations and identifying central hubs controlling this interaction will be the challenge for the coming years. In this review, we will summarize current knowledge on plant responses to different individual and combined stresses and try to find a common thread potentially underlying these responses. We will begin with a brief summary of known physiological, metabolic, transcriptional and hormonal responses to individual stresses, elucidate potential commonalities and conflicts and finally we will describe results obtained during combined stress experiments. Here we will concentrate on simultaneous application of stress conditions but we will also touch consequences of sequential stress treatments.
INTRODUCTION
According to independent climate change models and the recent Intergovernmental Panel on Climate Change (IPCC) report (2014) , anthropogenic emissions have clear effects on global climate changes. It no longer can be neglected that global warming occurs. The last 30-year period is the warmest period, which directly leads to a rising sea level, decreased land available for farming, and increased frequencies of severe droughts and flooding. By facilitating pathogen spread, global warming also affects the habitat range of pathogens (Luck et al., 2011; Madgwick et al., 2011) . Consequently, combined abiotic and biotic stresses negatively influence crop productivity and quality (Morison et al., 2008; Kerchev et al., 2012) . In order to improve crop yield, extensive efforts are needed to understand mechanisms underlying plant responses to simultaneous or sequential exposure to different abiotic and biotic stresses. However, until recently researches focused on plant responses to individual stresses, including heat, drought, salinity, cold, osmotic, nutrient, bacteria, fungi, virus and herbivores (Wang et al., 2003; Nakashima and YamaguchiShinozaki, 2006; Ferreira et al., 2007; Rodrigo et al., 2011; F€ urstenberg-H€ agg et al., 2013; Shaik and Ramakrishna, 2013; Shanker et al., 2014) . These studies provided important insights into plant stress responses, but they do not allow to predict plant responses under field conditions (Atkinson and Urwin, 2012; Atkinson et al., 2013; Prasch and Sonnewald, 2013; Rasmussen et al., 2013; Kissoudis et al., 2014; Suzuki et al., 2014; Pandey et al., 2015) . This argues for studies investigating plant responses to different combinations of abiotic and biotic stresses. The design of conclusive combined stress experiments is often difficult and the outcome of combinatorial stress will significantly dependent on the experimental setting. The developmental stage of the plant, the timing of stress applications (consecutive or parallel stresses) and severity of individual stresses as well as the kind of stresses will determine the outcome. Despite all these differences, some common responses have been reported across many different treatments. This includes changes in phytohormone levels, Ca 2+ signatures, sugar signals and reactive oxygen species (ROS) (Fraire-Velazquez et al., 2011; Atkinson and Urwin, 2012; Vile et al., 2012; Sham et al., 2015) . Within these signaling pathways and dependent on the environmental stimuli, usually specific subsets of genes respond. This fine tuning enables plants to respond to complex environmental challenges and to coordinate these responses with developmental programs guaranteeing reproductive success and hence survival of the species. This fine tuning is also important to balance between symbiosis and defense, a process highly influenced by phytohormones (Pozo et al., 2015) . Here we will firstly elaborate on mechanisms underlying plant responses to individual and combined abiotic and biotic stress. Then, by summarizing converging points in signaling pathways influenced by individual and combinatorial stresses, we will emphasize on common components that might function in the fine tuning of nutrient and energy allocation between growth-related and defenseassociated pathways. Due to the complexity of the networks induced by combined stresses, heat and drought are taken as representatives for abiotic stresses. Under field conditions they frequently occur together and cause huge damage in crop yield (IPCC, 2014) . Combined abiotic and biotic stress experiments discussed in this review include different kinds of pathogens, and different plant species.
PLANT RESPONSES TO ELEVATED TEMPERATURES
Based on historical temperature records, global temperatures increased approximately 0.13°C per decade since 1950 (IPCC, 2007) . To anticipate how global warming would affect crop production, Lobell et al. (2011) used regression analysis of historical data from 1980 to 2008 to link weather conditions to yield. Based on their model the authors estimated that during this time span global yields were reduced by 3.8% and 5.5% for maize and wheat, respectively, due to global warming. For soybean and rice no clear negative trends were manifested at the global level, indicating that future predictions must take specific physiological characteristics of individual crop plants into account. To ensure optimal growth and yield, source and sink metabolism must be balanced. This balance is achieved by integrating environmental (pathogens, nutrients, light, temperature, etc.) , developmental (hormones) and metabolic (sugars, amino acids) signals which are exchanged between source and sink organs. The sum of external and internal stimuli will determine the relative concentrations of different phytohormones (Vanstraelen and Benkov a, 2012; Kohli et al., 2013; Verma et al., 2016) which in turn will adapt growth, differentiation and metabolic processes to the anticipated environmental and developmental conditions (Figure 1 ). Within this phytohormonal network, DELLA proteins play an important role. They have been described as repressors of GA-regulated genes. Despite this function, they affect responses to other phytohormones such as AUX, ET and ABA and have been discussed as integrators of multiple growth-regulatory signals (Alvey and Harberd, 2005) . Metabolic signals are interwoven into the regulatory network and provide crucial information concerning the energy, redox and nutritional status of the plant, which are prerequisites for phytohormone action. In this context, sucrose has been demonstrated to act upstream of auxin, regulating iron-deficiency responses in Arabidopsis (Lin et al., 2016) or apical dominance in pea (Mason et al., 2014) .
Together with the anticipated increase in atmospheric CO 2 concentrations temperature will affect the ecological balance between C3 and C4 plants and thereby productivity, quality and water use efficiency of grassland and other ecosystems. Temperature and day length responses are also interlinked and exert control at the level of gene expression and protein turnover. The link between temperature and light perception could recently be uncovered. In Figure 1 . Simplified representation of the interplay between external and internal signals co-ordinately modulating hormonal signaling pathways and plant responses to environmental and developmental cues. ABA, abscisic acid; AUX, auxin; BR, brassinosteroids; CK, cytokinin; ET, ethylene; GA gibberellic acid; JA, jasmonic acid; SA, salicylic acid; SL, strigolactones. Black arrows: inclusion. Grey arrows: modulation. Blue arrow and inhibition lines represent positive and negative interactions respectively. elegant studies by Legris et al. (2016) and Jung et al. (2016) it could be shown that phytochrome B, besides functioning as photoreceptor, acts as temperature sensor in Arabidopsis. Heat stress results in morphological adaptations such as elongated petioles and upward bending of leaves (hyponasty). Petiole elongation and hyponasty are under control of auxin and ethylene, respectively. Mutation in the TRANSPORT INHIBITOR RESPONSE2 (TIR2) gene inhibits auxin synthesis and temperature-dependent hypocotyl elongation (Yamada et al., 2009) . Elevated temperatures do not increase auxin levels in all tissues. In developing anthers of Arabidopsis and barley for instance, heat results in reduced auxin levels which could be associated with impaired pollen development (Sakata et al., 2010) . Additionally, elevated temperatures directly affect protein characteristics (stability, activity) and solubility of chemical compounds/metabolites in aqueous solutions. In the case of photosynthesis high temperatures lead to a reduced maximal carboxylation rate of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and an inhibition of the maximum rate of electron transport. Together with a decrease in the CO 2 to O 2 ratio in leaves, these changes reduce the carboxylation and enhance the oxygenation reaction of Rubisco resulting in elevated photorespiration. In addition to photorespiration, dark respiration increases which results in a reduced photosynthetic efficiency.
Besides directly affecting photosynthesis, high temperatures can also change source-to-sink relations, especially during the reproductive phase. Analyzing high-temperature effects on Phaseolus vulgaris plants Jifon and Wolfe (2005) observed an increased photosynthetic rate during vegetative growth. This, however, changed later during development when high temperatures significantly reduced seed set and hence sink development. As a consequence, leaf carbohydrate content increased in older plants leading to feedback inhibition of photosynthesis. In many plant species, high temperatures inhibit reproductive organ development (Sawicki et al., 2015) . Heat-induced flower drop of tomato plants has been associated with a reduced content of reducing sugars and a reduced rate of carbon import (Dinar and Rudich, 1985) . Furthermore, reduced fruit set coincides with impaired pollen development. Analyzing carbohydrate content and expression of cell wall-bound invertase in anthers of heat stressed tomato plants, Sato et al. (2006) observed a decrease in the hexose to sucrose ratio and a reduced expression of invertase. Based on this result the authors concluded that pollen development is impaired due to reduced sucrose hydrolysis rather than reduced assimilate supply by source leaves. Carbon supply is monitored by several metabolite sensing systems (Li and Sheen, 2016) with SnRK1 playing an essential role in sugar and ABA signaling. In rice, activity of SnRK1 is regulated by SnRK1A-interacting negative regulators SKIN1 and SKIN2. Both proteins are stress-inducible and inhibit SnRK1 activity . The reduced SnRK1 activity results in reduced sink strength and a shift in the source-sink relation.
PLANT RESPONSES TO WATER DEFICIT
Water deficit is one of the most limiting factors in agriculture. To avoid yield losses, artificial irrigation systems are increasingly installed on a global scale. Currently, more than 307 million hectares worldwide are equipped for irrigation (FAO, 2012) . As a consequence, globally more than 70% of the available freshwater is used in agriculture (FAO, 2014) . Considering expected climate changes, it is likely that water deficit will increase. Based on limited resources, it will not be possible to increase freshwater use in agriculture any further. Hence, smart irrigation systems and crop plants with high water use efficiency are urgently needed. Drought stress impacts plant growth at many different levels. At the physiological level water deficit is perceived in roots and results in turgor loss, reduced water potential and decreased stomata conductance. Consequently, the internal CO 2 concentration and the net carbon fixation rate decreases resulting in reduced growth rates and biomass production. Photosynthesis is mainly perturbed by an imbalance between light capture and utilization as well as a decrease in carboxylation efficiency. This results in dissipation of excess light energy and the production of ROS which cause macromolecule damage including lipid peroxidation and protein denaturation. To prevent oxidative damage, cells produce antioxidative metabolites (glutathione, ascorbate, tocopherol) and increase expression of detoxifying enzymes (superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX)). Drought stress additionally results in osmotic stress which is counterbalanced by the synthesis and accumulation of compatible osmolytes (sugars, amino acids, glycine betaine, polyamines, sugar alcohols). Both, physiological and biochemical, responses are mediated by induction of stressresponsive genes. Drought stress responses are orchestrated by ABA-dependent and ABA-independent pathways. Triggered by a low soil water potential, ABA is synthesized in roots and transported to leaves via the xylem system. In leaves ABA affects stomata conductance at the transcriptional and post-translational level. Guard cells not only rely on distantly synthesized ABA but are capable to cell-autonomously synthesize ABA (Bauer et al., 2013) . The capability to produce ABA in guard cells is sufficient and of particular importance for plants to be able to respond to changes in atmospheric humidity. Guard cell turgor is not only dependent on ion transport across the plasma membrane but also on the interconversion of starch and malate. Under drought stress, starch degradation in guard cells is inhibited, while starch synthesis is induced. This shift leads to a reduced content of soluble sugars, a reduced turgor pressure and consequently stomata closure . Although most drought-induced responses are ABA dependent, several genes have been shown to be drought responsive but ABA independent. Promoters of these genes contain so called dehydration elements which are activated by transcription factors of the Apetula2 (AP2) family.
PLANT RESPONSES TO BIOTIC STRESS
Plants have to face attacks by various pests and pathogens. Global climate changes are likely to impact pathogen population dynamics and intra-and inter-species interactions in microbial communities (Bale et al., 2002; Luck et al., 2011; Madgwick et al., 2011; Kerchev et al., 2012) . Hence, the interplay between pathogens, hosts and environment, the so called 'disease triangle', will change. Pathogens will appear in new hosts, new virulent pathogen races will emerge, rendering pathogens resistant to current host defense responses, and geographic distribution of pathogens will extend (Engering et al., 2013) . The anticipated changes not only occur at the biochemical and molecular level, but changes in canopy density and/or plant communities will significantly shape habitats and hence pathogen occurrence. One example of a newly emerging virulent race is the wheat stem rust strain Ug99 which is becoming a severe threat for global wheat production. Strain Ug99 overcomes the Sr31 resistance which has been used in agriculture for several decades worldwide (Singh et al., 2015) .
As described above, abiotic stress may result in altered assimilate allocation and consequently abortion of reproductive organs is often observed. This imbalance is further exacerbated by biotrophic and hemibiotrophic pathogens as well as viruses which feed on living plant tissue, thus they could develop strong, competing metabolic sinks at infection sites and negatively affect plant development and yield. To counterbalance, plants have evolved an integrated signal network coordinating the balance of assimilate use for plant development and defense under abiotic and biotic stress conditions (Ruan, 2014) . This network relies on several interconnected signaling pathways, including Ca 2+ sensing, production of ROS, activation of kinase cascades, metabolite sensing and phytohormone balance. Integration of these networks is required to efficiently balance between growth and defense responses (Rodrigo et al., 2011; Verma et al., 2016) . Generally, phytohormones, especially salicylic acid (SA), jasmonic acid (JA) and ethylene (ET), are viewed as major regulators of plant defense responses. According to the classical view, SA signaling is induced by and involved in resistance against viruses and biotrophic and hemibiotrophic pathogens as well as the establishment of systemic acquired resistance, whereas JA/ET signaling activates plant defense against necrotrophic pathogens and herbivorous insects (Glazebrook, 2005; Grant and Lamb, 2006; Wasternack and Hause, 2013; Figure 2 ). This classical view is challenged by recent studies, suggesting a more complex function of these hormones in plant immunity. For instance, SA has been shown to be involved in the resistance of Arabidopsis plants to the necrotrophic pathogen Alternaria brassicicola, and ET and JA were found to participate in plant defense responses triggered by the bacterial effector AvrRpt2 and bacterial MAMP flg22 (Tsuda et al., 2009) . In addition to SA, JA and ET, abscisic acid (ABA), auxin, gibberellin (GA), cytokinin (CKs) and brassinosteroids (BR) also play different roles in the interaction between plants and biotrophic and necrotrophic pathogens and most likely are required to balance between growth and defense responses (Bari and Jones, 2009; Pieterse et al., 2009 Pieterse et al., , 2012 Robert-Seilaniantz et al., 2011; Alazem and Lin, 2014; Nafisi et al., 2015) . For instance, ABA and auxin mainly promote susceptibility to biotrophs but resistance to necrotrophs, whereas GA principally improves plant tolerance to biotrophs and susceptibility to necrotrophs. Since BR and CK exert critical influence on both JA/ET and SA pathways, they can positively or negatively influence biotrophic and necrotrophic interactions, depending on the specific hostpathogen interaction (Bajguz and Hayat, 2009; Choi et al., 2010 ; Figure 2 and Table S1 ). Auxin is thought to be antagonistic to SA and synergistic to JA during biotrophic infections (Tiryaki and Staswick, 2002) . It is clear that studies on hubs of phytohormone interactions help to better understand this sophisticated defense network. However, it is important to note that the dynamics and fine tuning of hormone responses also depend on many other factors, like infection periods, plant tissues and developmental stages of plants (Ton et al., 2009 ). The picture is getting even more complicated if different plant species are investigated. In a recent review, Yang et al. (2013) summarized the potential roles of phytohormones in rice immunity and pointed out that ET negatively regulates SA-and JAmediated defense signaling. This finding contrasts observations in Arabidopsis, in which ET functions cooperatively with JA. Moreover, in rice the GA signaling pathway is repressed in response to Xoo (Xanthomonas oryzae pv. oryzae) defense, which is in contrast to its positive function in promoting plant immunity in Arabidopsis (De Bruyne et al., 2014) .
IMPACT OF STRESS COMBINATIONS ON INDIVIDUAL STRESS RESPONSES
When plants are exposed to different stress combinations, a variety of interacting signal transduction pathways are induced (Mittler, 2006) . The interaction between these pathways can either be neutral, additive, synergistic or may lead to novel unpredictable responses (Pandey et al., 2015; . In most cases, plant responses to combined stresses deviate from responses to the individual stresses (Prasch and Sonnewald, 2013; Rasmussen et al., 2013) . However, common pathways and plant responses are also shared by some stress combinations.
Interactive effects between different abiotic stress responses
Heat and drought have opposing effects on leaf physiology and morphology. One early response to heat stress is stomata opening to cool the leaf surface by increased transpiration. In contrast, water deficit induces stomata closure to prevent water loss, which in turn would increase leaf temperature by 2-5°C (Rizhsky et al., 2004; Prasch and Sonnewald, 2013) . Both stresses are also characterized by unique morphological changes. While heat stress results in elongated, thinner leaves with a high specific leaf area and reduced root growth, drought decreases the leaf area and increases root growth to minimize water loss and optimize water uptake (Vile et al., 2012) . In contrast with these obvious differences, heat and drought similarly affect flowering time, seed abortion and final yield. Similar common responses could also be found in other abiotic stress combinations. For instance, several abiotic factors (drought, salinity, cold) cause osmotic stress, which is counterbalanced by the production of compatible osmolytes. Drought and salinity both negatively affect photosynthesis by restricting the internal carbon dioxide concentration due to stomata closure (Mahajan et al., 2005; Nouri et al., 2015) . Similar negative effects on photosynthesis could also be found under high light intensity, due to the absorption of high photosynthetic energy. Furthermore, nutrient deprivation often increases plant sensitivity to diverse abiotic stress, and most abiotic stresses commonly result in production of ROS (Mittler and Blumwald, 2010) .
Impact of abiotic stresses on biotic stress responses
There are also interactions between abiotic and biotic stresses. In many cases, exposure of plants to abiotic stress weakens disease resistance, while pathogen infections often enhance abiotic stress responses (Atkinson and Urwin, 2012) . Heat-dependent suppression of disease resistance has been reported for host-virus and host-bacteria interactions. In these cases, the hypersensitive response and R-gene mediated defense responses are compromised. Examples are Tobacco Mosaic Virus (TMV) infection of tobacco plants, Tomato Spotted Wilt Virus (TSWV) infection of tomato plants, and Pseudomonas syringae infection of Arabidopsis plants (reviewed in Prasch and Sonnewald, 2013) . In the case of the heatsensitive TMV resistance in tobacco the molecular details have been deciphered (Zhu et al., 2010) . TMV resistance is mediated by the N-gene, which perceives the input signal and initiates a signal transduction chain which results in a hypersensitive cell death and consequently restricts virus replication and spread. By studying the N-gene Zhu et al. (2010) observed a temperature-dependent conformational change of the NB-LRR protein, which is the cause for TMV susceptibility at high temperatures. In another study, Fan et al. (2009) nicely showed the impact of drought and ABA on pathogen growth. Screening for constitutive disease susceptibility the authors isolated an activation-tagged Arabidopsis line overexpressing NINE-CIS-EPOXYCAROTENOID DIOXYGENASE5 (NCED5). NCED5 overexpression leads to a more than twofold increase in ABA content, which was speculated to be the cause for the observed increased susceptibility to several Pseudomonas syringae strains. Exogenous application of ABA or drought stress confirmed the ABA-mediated increase in susceptibility to P. syringae. Similar to the results obtained in Arabidopsis, enhanced disease symptoms of Xylella fastidiosa and Magnaporthe grisea infections were separately observed in drought stressed Vitis vinifera and ABA-treated rice (Jiang et al., 2010; Choi et al., 2013) , suggesting that ABA attenuates plant tolerance to biotrophic and hemibiotrophic pathogens across species.
In other cases, abiotic stress has been reported to enhance disease resistance. This was demonstrated in heat-treated rice leaves. Heat treatment resulted in accumulation of superoxide radicals and resistance to rice blast (Aver'yanov et al., 1993) . Other examples are the high-temperature, adult-plant resistance of wheat plants to the stripe rust Puccinia striiformis f. sp. tritici (Qayoum and Line, 1985) and the heat-induced suppression of Tomato Bushy Stunt Virus replication in tobacco protoplasts (Jones et al., 1990) . Not only heat, but also drought and NaCl can enhance resistance to pathogens. Drought stressed tomato plants show a 50% reduction in Botrytis cinerea infection (Achuo et al., 2006) . To test the effect of NaCl on the interaction between tomato and powdery mildew, susceptible tomato plants were grown under mild (50 mM) and severe (150 mM) salt stress and infected with powdery mildew (Kissoudis et al., 2016) . While mild salt stress resulted in enhanced susceptibility, severe salt stress significantly reduced disease symptoms. The influence of abiotic stress on disease resistance also varied in plant responses to different types of pathogens. Challenging the ABA over-accumulating mutant with the necrotrophic fungus Alternaria brassicicola revealed enhanced resistance, indicating that increased ABA level promotes resistance to necrotrophic pathogens. Analyzing JA and SA levels suggests that ABA promotes JA accumulation but antagonizes SA (Fan et al., 2009) . Nutrient deficiency in most cases will weaken plant immunity. However, current studies also revealed that nutrient stress (i.e. nitrogen limitation) could reduce disease severity of viruses (i.e. TMV) and several (hemi-)biotrophic pathogens, including P. syringae and Oidium lycopersicum, which require supply of assimilates directly from living plant cells (Dordas, 2008; Seifi et al., 2013) . In addition, metal ions can also elicit defense reactions in non-hyperaccumulator plants, which are not capable to grow in soils with very high concentrations of heavy metals. Accumulation of non-toxic levels of cadmium (Cd) has been shown to inhibit viral spread in tobacco (Citovsky et al., 1998) . In wheat, Cd induces expression of a Cd-binding protein which is involved in Fusarium resistance (Mittra et al., 2004) and finally metal-induced accumulation of ROS can trigger defense responses as well. Moreover, many studies have shown that iron homeostasis also has an important impact on the activation of defense responses (Franza and Expert, 2013; Aznar et al., 2015) .
Impact of biotic stresses on abiotic stress responses
Generally, pathogenic infections have been found to weaken plant tolerance to abiotic stress. For instance, tomato plants infected with Tomato Yellow Leaf Curl Virus are more susceptible to heat (Anfoka et al., 2016) . This increased heat susceptibility has been associated with a downregulation of heat-shock factors and proteins. Specifically, the P. syringae type III effector HopAM1 has been shown to target heat shock protein 70 (HSP70), which is strongly upregulated under heat and required for heat tolerance and stomata closure (Jelenska et al., 2010) . Although infection of some pathogens induced stomata closure, several foliar pathogens can impact plant defense to drought stress via inhibiting ABA-mediated stomatal closure and reducing photosynthesis and water use efficiency (Grimmer et al., 2012) .
Current studies have revealed that microbial-plant interactions can also improve tolerance of infected plants to various abiotic stresses. For instance, infection of wheat plants with endophytic fungi has been shown to increase tolerance to drought and heat (Hubbard et al., 2014) . Similarly, infection of barley plants with the endophytic fungus Piriformis indica enhanced salt-stress tolerance and disease resistance (Waller et al., 2005) . Timmusk and colleagues infected wheat plants with Bacillus thuringiensis AZP2, and observed 78% greater plant biomass and a fivefold higher survival rate of the bacteria-infected plants under severe drought stress (Timmusk et al., 2014) . In another example, whitefly infestation of maize plants resulted in enhanced drought resistance of infested plants. The authors proposed that whitefly-mediated activation of phytohormone (i.e., IAA and JA) and ROS signaling pathways maybe responsible for the approximately 20% increase in plant biomass under drought stress (Park and Ryu, 2016) . Xu and colleagues observed an enhanced tolerance to single drought and freezing stress in Cucumber Mosaic Virus infected plants. One explanation for this phenomenon is the stomatal closure caused by some pathogenic infections to impede pathogen entries, consequently resulting in reduced water loss and improved tolerance to abiotic stress (Melotto et al., 2008) . Another explanation would be that induced SA signaling may interact with other hormones including ABA, thus affecting plant tolerance to abiotic stress (Kim et al., 2011) . Increased ABA levels have been found in several infected plants, including TMV infected tobacco, Pythium irregulare infected Arabidopsis, and Cercospora beticola infected sugar beet (Whenham et al., 1986; Adie et al., 2007; Schmidt et al., 2008) .
CONVERGING POINTS IN THE SIGNALING PATHWAYS INFLUENCED BY ABIOTIC AND BIOTIC STRESS
A key mechanism underlying plant resistance to changing environmental conditions is the capacity of plants to recognize, transmit and respond to abiotic and biotic environmental cues by constantly fine-tuning physiology and metabolism to balance plant growth and defense responses. From the above studies on the interaction between plant responses to single or combined stresses, it becomes much clearer that significant overlaps exist in signal transduction pathways coordinating the allocation of assimilates between plant growth and defense responses. These overlaps are not only evident at the single gene level, but also at the pathway level, including multiple stress signal transduction pathways. Comparative transcriptomic and genetic analysis are the most commonly used tools to study common and specific plant responses.
CDPK, MAPK and redox pathways under abiotic and biotic stress
Following perception of different stress signals, several components of diverse signal transduction pathways including calcium-dependent protein kinase, redox (ROSrelated), mitogen-activated protein kinase (MAPK) are often commonly regulated (Ma and Bohnert, 2007; . It has long been acknowledged that Ca 2+ plays a crucial role in regulating cellular responses to environmental stresses, because of the rapid increase in intracellular Ca 2+ after stress stimulation (Gilroy et al., 2014) . These general changes in calcium concentrations are converted to specific responses by highly conserved and specific calcium receptor proteins, and transduced by specific Ca 2+ transport elements (including ATPases/ pumps, channels, exchangers, CNGCs, GLRs and annexins), which amplify the signal by initiating phosphorylation cascades leading to specific downstream stress responses (Singh et al., 2013; Ranty et al., 2016) . In parallel to the calcium signaling pathway, redox systems are also influenced by abiotic and biotic stresses. Most abiotic and biotic stresses induce the production of ROS and RNS (reactive nitrogen species), which is tightly regulated by various oxidants and antioxidants (Birben et al., 2012 ). An increase in nitric oxide (NO)/ROS content correlates with a decrease in the capacity of the antioxidant system (Gaupels et al., 2016) . Recently, evidence has been found that ROS and NO levels are regulated by auxin. Duan et al. (2010) reported that Rho guanosine-triphosphatases (GTPases), named RAC/ ROP proteins, could be activated by auxin and interact with NADPH oxidases. They are also involved in ROS-mediated plant growth. The MAPK signaling pathway is another link between ROS homeostasis and auxin. H 2 O 2 has been found to be a potent activator of MAPKs in Arabidopsis leaves via the activation of a MAPKKK, named ANP1 and two downstream MAPKs (atMPK3 and atMPK6). Expression of a constitutively active ANP1 initiated the MAPK cascade and induced expression of specific stress-responsive genes, but it blocked auxin signalling (Kovtun et al., 2000) . In addition, ROS and Ca 2+ signaling are often closely linked with NO. NO has been reported as a downstream signal in auxin induced tolerance to sodic alkaline stress of cucumber, suggesting a role of Ca 2+ in connecting redox and auxin signaling (Besson-Bard et al., 2008; Gong et al., 2014) .
Sugar metabolism influenced by abiotic and biotic stress
Beside general changes in Ca 2+ distribution, environmental stresses also lead to perturbation in primary metabolism affecting accumulation of soluble sugars. Besides being metabolic building blocks and energy source, soluble sugars, especially sucrose and its cleavage products fructose and glucose, serve as signaling molecules recognized by distinct signal transduction pathways and coordinating anabolic and catabolic processes as well as plant growth and development (Li and Sheen, 2016) . In this respect cell wall invertase has been recognized as key player, altering the sucrose to hexose ratio and hence modulating defense responses (Tauzin and Giardina, 2014) . Cell wall-bound invertases are induced by several pathogens and thought to improve defense response of plants via the sugar signaling pathway (Proels and H€ uckelhoven, 2014) . Studying the regulation of cell wall-bound invertase in simultaneously applied combined stress experiments revealed a downregulation of cell wall-bound invertase expression and activity by combined heat and drought stress (Prasch and Sonnewald, 2013) . Single heat stress, but not drought stress, also inhibited cell wall invertase expression, but not to the same extent as combined stresses. This downregulation coincided with a heat and/or drought-induced increased susceptibility towards TuMV infection of Arabidopsis plants exposed to combinatory stress. Based on this result it has been speculated that the increased virus susceptibility is caused by a reduced sucrose hydrolysis, lower hexose accumulation and consequently the inhibition of the sugar-mediated reinforcement of defense responses (Sonnewald et al., 2012). It is also widely accepted that sugar signaling modulates the circadian clock which is also involved in shaping plant responses to abiotic and biotic stress (Bolouri Moghaddam and van den Ende, 2013). It was described that exogenous sucrose could induce the expression of the central clock component CCA1, which also functions in plant freezing tolerance (Knight et al., 2008; Seo et al., 2012) . Additionally, many reports have indicated that soluble sugars could affect auxin biosynthesis through PIF proteins and contribute largely to the homeostasis of plant hormones (Lilley et al., 2012; Sairanen et al., 2012; Min et al., 2014; Ljung et al., 2015) . In cotton (Gossypium hirsutum) for instance, heat-induced anther abortion was caused by altering auxin and sugar metabolism, and Casein Kinase I (GhCKI) and Phytochrome Interacting Factors (GhPIFs) may be links between auxin and sugar pathways under heat stress (Min et al., 2014) .
Transcription factors and molecular responses regulated by abiotic and biotic stress
Stress-induced transcriptional changes are orchestrated by transcription factors (TFs). Members of specific TF families (HSF, WRKY, MYB, AP2/ERF, NAC, bZIP, TCP) are often found to be induced by several different stress conditions (Atkinson and Urwin, 2012; Kissoudis et al., 2014) . In most cases, members of TF families act together to mediate various stress responses. In the case of the Arabidopsis WRKY gene family, AtWRKY25, AtWRKY26 and AtWRKY33 are positively regulated by heat . While, AtWRKY40 functions antagonistically to AtWRKY18 and AtWRKY60 to enhance plant tolerance to salt and osmotic stress via ABA signaling (Chen et al., 2010) . Furthermore, some TFs are also involved in different stress responses and function as multifunctional hubs. For instance, recent studies have shown that several Heat Shock Transcription Factors (HSFs) have an integral role in responding to individual or combined abiotic and biotic stresses (Chung et al., 2013) . In Arabidopsis, HSF4 was found to be significantly regulated under both abiotic (salinity and/or osmotic stress) and biotic stress (B. cinerea) (Sham et al., 2015) . Moreover, Ethylene Response Factor 1 (ERF1) was reported to be a positive regulator, not only in salt, drought, and heat stress tolerance, but also in pathogen defense via integrating JA, ET, and ABA signals (Berrocal-Lobo et al., 2002; Cheng et al., 2013) . So far, numerous efforts have been made to discover differentially regulated TFs, aiming to improve plant tolerance by engineering expression of these TF genes (Barah et al., 2015; Wang et al., 2016) . As TFs directly regulate the expression of a set of downstream targets by interacting with the specific cis-elements in their promoter region (Franco-Zorrilla et al., 2014) , similar TF cis-element regulating networks were frequently found to be simultaneously activated by diverse stress conditions (Srivastava et al., 2010; Barah et al., 2015) . Although transcriptional regulation is important for stress adaptations, post-transcriptional regulation at the level of microRNA seems to add another layer of regulation, which might be crucial for the coordination of developmental and environmental responses (Shriram et al., 2016) . In the past few years, there has been growing interest in understanding the roles of microRNAs (miRNAs) in distinct stress-response networks, and several miRNAs were found to behave similarly under different stress conditions. For instance, Xin et al. (2010) identified nine miRNAs that were co-regulated by both abiotic stress (heat) and biotic stress (Erysiphe graminis f. sp tritici). Moreover, miR164 was reported to be downregulated in tomato upon infection with Tomato Leaf Curl Virus (ToLCV) and nematodes, and also by salt and mechanical stress (Lu, 2005; Hewezi et al., 2008; Naqvi et al., 2008; Ding et al., 2009) . In Arabidopsis, the direct target of miR164 is the transcription factor AtNAC1 which plays an essential role in auxin signaling and root development. Similarly, miR319 was found to be upregulated by different individual stresses, including drought, cold and salt stress (Sunkar and Zhu, 2004; Liu et al., 2008) . Primary targets of miR319 are a subset of TCP transcription factors which mainly act as cell growth regulators during leaf and flower development. Phytohormones play important roles in the accumulation of miR319. ABA, cytokinin and ethylene exert negative impact, while auxin and JA exert positive impact. Hence, miR319 integrates several hormonal signals to fulfill its function in the regulation of development (Ori et al., 2007; Liu et al., 2009; Koyama et al., 2010; Yanai et al., 2011; Srivastava et al., 2013; Curaba et al., 2014) . Similar to miR319, several other miRNAs also respond to multiple hormonal signals or are involved in hormonal responses. miR396 for instance has been described as repressor of GA and CK responses and as activator of the ABA pathway (Curaba et al., 2014) . By balancing different hormonal signals, miR396 helps to control cell division in response to biotic and abiotic stresses.
Leading role of auxin in response to abiotic and biotic stress
Auxin is generally thought to be a 'master hormone' because it influences every aspect of plant growth including embryonic development, apical dominance, leaf initiation, vascular tissue development, meristem differentiation, root formation, phyllotaxy and senescence (Grossmann, 2010; Balzan et al., 2014) . Recent studies suggest that auxin is not only relevant for developmental processes but auxin homeostasis is also important for stress adaptations. Here, auxin mediates its function mainly due to its interaction with SA and ABA signaling pathways (Park et al., 2007) . For instance, during pathogen infection, auxin negatively affects SA-mediated defense responses in Arabidopsis. This antagonistic interaction may be mediated by the bifunctional GH3.5 protein (Zhang et al., 2007) . GH3.5 belongs to the GH3 family of early auxin-responsive genes and has in vitro SA and IAA adenylation activity. Over-accumulation of GH3.5 results in elevated SA and decreased IAA levels, while inhibition of GH3.5 expression has the opposite effect (Zhang et al., 2007) . Most genes of the two rice auxin transporter gene families, OsLAX and OsABCB, were regulated by drought and salt stress, as well as auxin and ABA, which also suggests the involvement of auxin transporters in different stress-response pathways (Chai and Subudhi, 2016) . It has also been shown that ABA-dependent seed germination and GA-mediated root growth were strictly regulated by auxin (Fu and Harberd, 2003; Liu et al., 2013) . Studies on links between auxin with other signaling pathways, like Ca 2+ , ROS and sugars (Tognetti et al., 2012; Vanneste and Friml, 2013; Min et al., 2014) , suggest an important role of auxin in influencing different stress responses. Hence, it can be speculated that auxin functions as a central integrator of environmental and developmental signals and thereby contributes to the overall tolerance of plants to biotic and abiotic stresses (Kazan, 2013) .
Impact of subsequently applied stress combinations on individual stress responses
So far, studies on combined stresses mainly focused on a single time point, and transcriptomic analysis of these experiments only represent a snapshot of transcriptional changes induced by combined stresses. However, in nature, plants often cope with a wide range of stress conditions which may occur sequentially rather than simultaneously. These sequential stress exposures may cause memory or priming effects, changing plant responses to future challenges (Hilker et al., 2015) . Priming not only allows plants to protect themselves from repeated stresses but it has also been shown that exposure to one stress allows a better performance to another stress (Kissoudis et al., 2014; Rejeb et al., 2014) . For instance, Arabidopsis plants exposed to ozone are more resistant to virulent Pseudomonas syringae strains in a SA-dependent manner, and viral infection has been shown to protect plants against drought stress (Sharma et al., 1996; Xu et al., 2008) . Pre-treatment of barley leaves with a 50°C heat pulse for 60 sec resulted in the production of ROS and a resistance against Blumeria gramminis sp. hordei (Vallelian-Bindschedler et al., 1998). Furthermore, eggplant seedlings pretreated with abiotic stress (i.e. chilling, heat, osmotic stress and oxidative stress) showed better acclimation to subsequent chilling stress compared with controls (Se z kara et al., 2016). Similarly, pre-application of osmotic stress to tomato seedlings resulted in an ABAmediated adaptation to salinity and drought stress (Mart ınez-And ujar et al., 2011). This priming allows plants to respond more quickly to environmental challenges and contributes to plant fitness. Molecular mechanisms of priming are not fully understood (Hilker et al., 2015; Reimer-Michalski and Conrath, 2016) . Regulation occurs at the transcriptional level (changes in chromatin structure by histone modifications and DNA methylation), the post-transcriptional level (microRNAs), post-translational level (accumulation of inactive transcription factors) and at the chemical level (accumulation of inactive/conjugated chemical signaling factors).
COMMON TRANSCRIPTIONAL RESPONSES TO COMBINED STRESS
According to the examples discussed above, interactions between abiotic and biotic stress occur at multiple levels in plants. Although the number of studies applying combined stress scenarios is increasing (Kissoudis et al., 2014; Rejeb et al., 2014; , the number is still very low. As a consequence, it is difficult to predict overlaps between signaling pathways induced by single and combined stresses. In several studies, it has been observed that morphological and molecular changes triggered by the application of simultaneous or sequential stresses differ from those induced by the individual stress (Rasmussen et al., 2013; Vega et al., 2015; Davila Olivas et al., 2016) . Most of the published combined stress experiments have been conducted with Arabidopsis, tobacco, rice, wheat and Vitis vinifera (Rizhsky et al., 2004; Choi et al., 2013; Prasch and Sonnewald, 2013; Li et al., 2015; Liu et al., 2015; Coolen et al., 2016; Davila Olivas et al., 2016) , with a strong focus on comparative transcriptomics and heat, drought and biotic interactions. These studies allowed identification of genes specifically responding to individual stress conditions and those which respond in simultaneously applied combined stresses or all stress conditions applied. In one of the first studies, Prasch and Sonnewald (2013) applied heat, drought and virus stress in different combinations.
Apart from a large number of genes which were found to be regulated in more than one stress scenario, only 11 genes were found to be regulated in all single (heat, drought, virus), double (heat-drought, heat-virus, drought-virus) and triple (heat-drought-virus) stress Table 1 Functional assignment of upregulated and downregulated features of Arabidopsis plants exposed to individual and combined stresses. Transcripts found to be differentially regulated in each treatment in comparison with control plants were divided into upregulated or downregulated groups and grouped according to a classification of features based on bins provided by MAPMAN. Numbers illustrate the percentage of significantly regulated features from a specific functional group relative to the percentage of features from that specific group to the entire microarray. Significant upregulated features have been marked in red and significant downregulated ones were marked in blue. Conditions are as follows: heat (h), drought (d), TuMV (v), drought and heat (dh), heat and TuMV (hv), TuMV and drought (vd), TuMV, drought, and heat (vdh) . Data from Prasch and Sonnewald (2013) . ET (ethylene), JA (jasmonic acid), GA (gibberellic acid), ABA (abscisic acid), SA (salicylate), CK (cytokinin), BR (Brassinosteroids). Features grouped into the different phytohormone classes cover biosynthesis, degradation and signaling according to the MAPMAN classification conditions in Arabidopsis (Prasch and Sonnewald, 2013) . By using comparative transcriptomics, Sham et al. (2015) compared the transcriptome profiles from Arabidopsis plants exposed to six types of abiotic stresses (cold, heat, drought, salinity, oxidative stress and osmotic stress) and one biotic stress (B. cinerea) and revealed that three genes were commonly induced and 12 genes were commonly repressed by all stress conditions, and more overlapping genes were found in the combination of double, triple and quadruple stress conditions. For instance, 13 genes were commonly upregulated by B. cinerea/heat/salinity/osmotic stress, while 29 genes were downregulated. Moreover, 1164 identified B. cinerea-regulated genes were also regulated by osmotic stress, suggesting extensive overlapping functions of several stress-regulated genes. In a subsequent study, Barah et al. (2015) applied five single and six combined stress conditions to 10 different Arabidopsis ecotypes and analyzed the expression of transcription factors. In this study only a few transcription factors were induced in more than one stress condition. Only one TF (AT5G57660) could be found to be commonly regulated in seven stress conditions, and two TFs (PRR5 and NF-YB2) were regulated in six stress conditions. Interestingly, these master regulators were related to circadian pathways (Covington and Harmer, 2007; Zhang et al., 2013; Barah et al., 2015) . A larger overlap of commonly regulated genes was found in wheat exposed to both individual heat and drought and combined heat and drought stress. Here, 64.3-82.9% were commonly upregulated or downregulated between combined and individual stresses (Liu et al., 2015) . GO terms related to abiotic stress (water deprivation, heat, wounding and salt) and hormones (ABA, JA, ethylene and GA) were significantly enriched in commonly upregulated genes, whereas photosynthesis-related GO Figure 3 . Functional enrichment of upregulated and downregulated features unique in combined drought and heat stress condition. Transcripts found to be differentially regulated in combined drought and heat treatment and not significantly regulated (with log2 value of fold change larger than 2) individual drought or heat stress were divided into upregulated or downregulated groups and grouped according to a classification of features based on bins provided by MAPMAN. Numbers illustrate the percentage of significantly regulated features from a specific functional group relative to the percentage of features from that specific group to the entire chip.
terms were enriched in commonly downregulated genes (Liu et al., 2015) . A similar downregulation of transcripts was found in Vitis vinifera exposed to drought and Xylella fastidiosa (Choi et al., 2013) , suggesting that photosynthesis, uptake and assimilation of nutrients, and plant growth were commonly repressed under combined and single stress conditions. A closer look at data from Prasch and Sonnewald (2013) further revealed that not only genes encoding enzymes of primary metabolism were commonly regulated under both individual and combined stress conditions, but also transcripts related to hormones showed similar trends in upregulation or downregulation under all stress conditions (Table 1 ). In this study, genes involved in auxin metabolism, transport and signaling were found to be significantly downregulated under all stress conditions, while genes annotated in the category of ethylene were commonly upregulated under all stress conditions. It is also interesting to mention that most downregulated auxin genes are members of the small auxin up RNA (SAUR) family, many of which have been identified to be involved in different aspects of plant growth and defense, including cell expansion, hypocotyl and stamen filament elongation, auxin polar transport and interaction with D-clade PP2C (Markakis et al., 2013; Li et al., 2015) . Conversely, upregulated genes related to ethylene mainly belong to Ethylene Response Factors (ERFs), which are able to bind to the promotors of abiotic stress-responsive DRE/CRT element containing genes, which is in agreement with previous findings that ethylene synthesis and response could be induced by diverse external stresses, internal developmental signals and pathogen infections (Iqbal et al., 2013) . In another review, some key genes involved in plant responses to biotic and abiotic stress have also been summarized (Nejat and Mantri, 2017) . Among these genes, photosynthesis-related genes were found to be downregulated in drought, cold, salinity, heat and biotic stress (fungi, bacteria, virus, and nematodes), and ethylene biosynthesis genes were upregulated in drought, cold and salinity stress. Further analysis of data from Prasch and Sonnewald (2013) revealed that 595 genes were significantly regulated in combined heat and drought, but not significantly regulated by individual heat or drought stress. Functional enrichment analysis of these genes indicated that genes related to photosynthesis, major carbohydrate, cell wall and redox regulation were largely downregulated, genes involved in gluconeogenesis and secondary metabolism were mainly upregulated, while genes encoding transcripts belonging to the category of hormones were either upregulated or downregulated (Figure 3) . Only very few of the hormone-related genes were specifically regulated under simultaneously applied combined stresses (dh or vdh). Transcripts of three genes (MBF1C, PDX1.2 and ETR2) were significantly upregulated under combined dh and vdh, but not under individual stress conditions. MBF1C is a transcriptional co-activator known to be important for thermotolerance in Arabidopsis and proposed to control the stress-response network of trehalose, SA and ET (Suzuki et al., 2008) . PDX1.2 is a positive regulator of vitamin B6 biosynthesis during stress and associated with tolerance to oxidative stress in general (Moccand et al., 2014) , while ETR2 functions as ethylene receptor. Transcripts of nine hormone-related genes were specifically downregulated under both dh and vdh stress. Four of these nine genes are involved in auxin signaling. Amongst those, three fall into the group of auxin-responsive proteins (SAUR28, SAUR29, SAUR75) and one encodes an auxin induced ACC-synthase (ACS4; Table 2 ).
Severe abiotic stress often results in the overriding of biotic stress responses when exposed to combinations of abiotic and biotic stresses. This fact becomes evident from a recent study by Atkinson et al. (2013) exposing Arabidopsis plants to drought and nematodes. Following single and combined exposure of Arabidopsis plants to the indicated Table 2 Expression of hormone-related genes specifically regulated under combined stress conditions. Transcripts were grouped according to a classification of features based on bins provided by MAPMAN (indicated with asterisk). Colors represent means AE SD of log2 values of fold change larger than 1.5 compared with control plants. Red represents an increase and blue represents a decrease in transcript levels. ET (ethylene), JA (jasmonic acid), GA (gibberellic acid), ABA (abscisic acid), SA (salicylate), CK (cytokinin), BR (Brassinosteroids). Conditions are as follows: heat (h), drought (d), TuMV (v), drought and heat (dh), drought, and heat (vdh). Data from Prasch and Sonnewald (2013) stress, RNA was extracted from leaves and root and analyzed for up-and downregulated transcripts. In all cases, drought-regulated transcripts dominated the result. As indicated above, the outcome of stress experiments is always depended on the relative severity of the stresses applied. In the case of drought and nematodes it can be speculated that the most dominant stress (in this case drought) dominates the outcome of the experiment. In the case of transcripts upregulated in leaves, 96% of the genes responding to joint stress were also upregulated by drought. While, only 2% were regulated by nematode stress alone (Atkinson et al., 2013) . A similar pattern could be observed for the expression of auxin and ethylene related genes in Arabidopsis (Prasch and Sonnewald, 2013) . Most genes responded to single and double abiotic stress with little impact of the additional TuMV infection (Figure 4) . Only a small group of genes (Figure 4 , groups B and F) was significantly regulated by the addition of TuMV. However, responses to abiotic stresses do not always dominate biotic responses. Studying transcriptional changes of Arabidopsis plants exposed to sequential drought stress, infection by the necrotrophic fungus Botrytis cinerea and chewing larvae of Pieris rapae revealed that transcriptional signatures of drought or B. cinerea were overridden by Pieris rapae Davila Olivas et al., 2016) .
CONCLUSION AND PROSPECTIVE
To meet future food demand, plant stress tolerance must be improved. So far, most studies on plant stress response were conducted under laboratory conditions applying single stress conditions. Only recently, different combinations of stresses were included in the research of plant stress response to mimic field conditions. These studies revealed that plants grown under combined stresses act differently and evoke distinct networks, which could not be extrapolated from data of individual stresses, especially when stress factors have antagonistic interactions. Nevertheless, common features of stress responses were found in several studies. All stress conditions led to reduced plant growth which was paralleled by an overall decrease in auxin signaling in most cases. Changes in auxin levels/signaling impinge overall phytohormone balance, thereby potentially affects overall plant responses. Furthermore, all stresses influence assimilate and nutrient distribution. Hence sugar levels are changing, modulating plant growth and defense responses. In several cases abiotic stress has been shown to influence responses to biotic interactions and vice versa. Here, common physiological and biochemical responses seem to be important. For instance, several abiotic stresses result in oxidative stress responses. Hence, plants experiencing oxidative stress are likely to be more resistant to biotrophic or hemibiotrophic pathogens and may be less resistant against necrotrophic pathogens. Likewise, several pathogens induce stomata closure; hence, infected plants may be more tolerant to drought.
All responses are regulated at the transcriptional, posttranscriptional, translational and/or post-translational level. In this respect, most transcriptomic studies have focused on identification of common transcriptional regulators or on proteins of the signal transduction pathways. Ectopic expression of these proteins in many cases resulted in improved plant performance under selected stress conditions (Century et al., 2008) . In the last years, microRNAmediated gene regulation has been observed in many stress experiments and altered expression of selected microRNAs resulted in transgenic plants with improved performance (Bej and Basak, 2014; Zhang, 2015) . As microRNAs, as well as most transcription factors, control expression of a range of candidate genes and processes, it will be important to see performance of these plants under field conditions. To date, various novel approaches in transcriptome and proteome analysis, genomic sequencing, and bioinformatics and functional studies will facilitate the identification of common regulators. All these approaches will enhance our understanding of the sophisticated and efficient network in plant response to different stress conditions and consequently assist in the improvement of plant tolerance and productivity.
